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The secondary and tertiary structures of the 5 S rRNA from Equisetum arvense were examined using double- 
strand and single-strand specific nucleates, the bisulphite mediated deamination of unpaired cytidines and 
the ethylnitrosourea modification of accessible phosphodiesters. The results are evaluated in terms of the 
consensus eubaryotic 5 S rRNA structure, the occurrence of ‘looped-out’ nucleotides, structure of loops 
and a putative tertiary structure. 
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1. INTRODUCTION 
In recent years, the powerful technique of se- 
quence comparison has been applied to the ques- 
tion of 5 S rRNA structure leading to a consensus 
structure for this molecule [l-3]. This approach 
has been accompanied by a refinement in the scor- 
ing values for base-pair stacking interactions made 
in [4,5] based on the thermodynamic measure- 
ments in [6,7]. 
What is now required is experimental data on an 
appropriately large selection of 5 S rRNAs in order 
to evaluate the consensus models and define those 
structures occurring in natural RNA molecules. 
We have recently reported S I -nuclease [a], cytidine 
modification (submitted) and adenine modifica- 
tion [9] data for a range of 5 S rRNAs in addition 
to studies on spinach chloroplasts 5 S rRNA [lo] 
and E. cofi 5 S rRNA ([ll], reviewed in [14,15]). 
Here, we present the structural characterisation 
of the 5 S rRNA from Equisetum arvense, the se- 
quence of which we have recently determined [141, 
using the two complementary nucleases Sl and 
CSV which are single- and double-strand specific, 
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respectively. Furthermore, we have used the sen- 
sitive bisulphite modification of cytidines to con- 
firm base-pairing and monitor dynamic effects 
such as ‘helix-fraying’. Finally, we have examined 
the tertiary structure of the molecule by analysis of 
the accessibility of phosphodiester bonds to alkyla- 
tion by ethylnitrosourea. 
2. EXPERIMENTAL 
5 S rRNA was isolated as in [14] and 3 ’ - or 
5 ’ -end labelled using standard techniques ((15,161 
respectively). Sl-nuclease digestion was carried out 
as in [lo] and RNase CSV digestion with our own 
enzyme preparation (unpublished) as follows: 4 pg 
carrier RNA with (3 ’ -32P)-labelled E. arvense 5 S 
rRNA were incubated with 0.08 units RNase CSV 
in 100~1 buffer, 50 mM Tris-HCI (pH 6.8), 50 mM 
NaCI, 5 mM MgClz for 30 min at 25°C. One unit 
of enzyme activity produces an increase of lo-’ 
A260 unitsamin-’ in the hydrolysis of 0.737 A260 
units E. coli 16 S and 23 S rRNA at 20°C in TR- 
buffer (30 mM Tris-HCl, pH 7.4, 23”C, 20 mM 
MgC12, 350 mM KCl, 6 mM 2-mercaptoethanol). 
The fragmented 5 S rRNA was precipitated with 
ethanol (- 2O”C, 2 h) and loaded onto a sequenc- 
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ing gel next to the Sl-nuclease digest and guano- 
sine and base-unspecific ladders generated as in 
WI. 
The cytidine modification and identification of 
modifiable sites were carried out as in [lo]. Modi- 
fication of the 3 ’ -terminal cytidine was detected by 
RNase T2 digestion of modified (3 ’ -32P)-labelled 5 
S rRNA and PEI thin-layer chromatography of the 
5 ’ -nueleoside phosphates as in [18]. The radioac- 
tive spots were excised and counted in order to 
quantify the extent of m~i~~tion. The ethyl- 
nitrosonrea modification was carried out as in 
t191. 
3. RESULTS AND DISCUSSION 
The sequencing el for location of the Sl- 
nuclease and CSV RNase cleavage sites is hown in 
fig.1. The cytidines converted to uridines after 
reaction with bisulp~te are identified as additional 
bands in the uridine specific s~uence-ladder of
fig.2. The terminal cytidine is represented by the 
bisphosphate 3’,5 ‘-15 ‘-32P]pCp which, due to its 
high charge to mass ratio, is easily lost from se- 
quencing els. Thus, modification of this terminal 
cytidine was established by RNase Tz digestion 
followed by PEI thin-layer chromatography as 
shown in fig.3. 
3.1. He&XI 
In the report of the E. urveme sequence [14] we 
showed two ahernative confo~atio~ for helix I: 
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In conformation A there is a mismatch at the se- 
cond position whilst in B there is a ‘looped-out’ 
uridine, as implicated in other helices in this and 
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Fig. 1. Sequencing ge1 for the location of nuclaase Sl and 
RNase CSV cleavage sites in (3’-‘2P)-labe&d 5 S rRNA. 
C, control incubation in the absence of enzyme; L, base 
unspecific ladder; Ti, guanine specific ladder; Sl, 
nuclease Sl digest; CSV, RNase CSV digest. The 
nucletodide residues are numbered on the left. Elec- 
trophoresis was at 150 W on a 60 cm x 0.2 mm, 10% 
polyacrylamide g l in 8 M urea. 
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Fig.2. Sequencing gels for the location of: (A) modi- 
‘fiable cytidines and (B) alkylation resistant phospho- 
diester bonds in (3 ‘-32P)-labelled 5 S rRNA. C, control 
incubation in the absence of reagent; L, base unspecific 
ladder; U, uridine-specific sequencing reaction; UM, 
uridine-specific sequencing reaction on bisulphite- 
modified 5 S rRNA; Tl, guanine-specific ladder; DEN, 
5 S rRNA alkylated with ethylnitrosourea under de- 
naturing conditions followed by alkaline hydrolysis at 
modified phosphodiester bonds; NAT, 5 S rRNA 
alkylated under native conditions followed by alkaline 
hydrolysis at modified phosphodiester bonds. 
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Fig.3. Thin-layer chromatography of a TZ RNase digest 
of the four S’-nucltbtide phosphates are shown. 
of bisulphite modlficd (3’-32P)-labelled 5 S rRNA. (1) 
unmodified 5 S rRNA; (2) bisulphite modified 5 S 
rRNA. Plate dimensions were 10 x 6 cm and the chro- 
matography media were: (i) 0.5% formic acid; and (ii) 
0.3 M lithium formate (pH 3.0). The migration positions 
other 5 S rRNAs. The helix shows RNase CSV 
cleavage on its 3 ’ -side aid no nuclease Sl activity 
which might have been expected in either of the 
two conformations. However, the lack of Sl cuts 
is more compatible with the B conformation since 
other looped-out bases do not seem to be recog- 
nized by this enzyme ither (e.g., helices II and V). 
This may be explained by intercalation of the un- 
paired base, rather than looping-out, as found in 
synthetic duplexes [20] and in our own results of 
nuclease Sl-analyses of eubacterial 5 S rRNAs 
(submitted). Examination of the accessibility of 
&dines shows that Cl20 is 70% modified whilst 
Cl19 is not modified at all. This is further evidence 
for the B conformation with the looped-out 
uridine at position 2. Calculation of the stacking 
energy of the two conformations according to 
Ninio’s latest model (which is derived from an ex- 
amination of 5 S rRNA sequences, [5]) gives AG = 
258 
-21.4 kcal for A and AG = 24.3 kcal for B, a 
slight ‘advantage’ for the looped-out-base v rsion. 
This superiority is due particularly to the presence 
of two cytidines opposite the unpaired uridine, 
poor stacking of these pyrimidines i assumed to be 
responsible for increased flexibility allowing inter- 
calation of the unpaired base [S]. One further 
stabilizing cffwt may be the ‘dangling end’ of B; 
this is not allowed for in Ninio’s model, but is sug- 
gested by studies with synthetic oligonucleotides 
WI. 
3.2. Helix II 
There are RNase CSV cuts in helix II and one in 
the internal-loop between this helix and helix III, 
presumably due to the overcutting effect described 
with a double-strand specific RNase 1221. The helix 
is closed at both ends by G-C pairs, neither 
cytidine of which shows bisulphite mediated 
modification which would indicate helix-fraying. 
This phenomenon has been observed under iden- 
tical conditions in eubacterial, but not in yeast 5 S 
rRNA (sublmltted). This may indicate a higher 
stability in eukaryotic 5 S rRNA. The looped-out 
uridine of this helix is not cut by nuclease Sl , 
presumably for the same reasons noted above for 
uridine number two in helix I. 
3.3. Helix III 
There is one nuclease CSV cut in the shorter seg- 
ment of this helix, which consists of only two base- 
pairs. Such a two base-pair segment may be the 
minimal requirement for nuclease CSV hydrolysis 
[22]. The looped-out cytidine number 50 is modi- 
fied, as is cytidine number 30 opposite it, although 
it is most likely base-paired. The modification in- 
dicates probable destabilization due to the two- 
nucleotide loop-out as has been found for helix I 
in a temperature-dependent modification study of 
E. coli 5 S rRNA (submitted). 
3.4. Helix IV and helix V 
RNase CSV cuts are found on both sides of helix 
IV, which is unique to eukaryotic 5S rRNA; there 
is no evidence of helix-fraying. only one cut is 
found in helix V; the small hairpin loop which it 
closes is not cut by nuclease Sl, nor is the looped- 
out uridine number 85; however, again the pres- 
ence of two pyrimidines opposite the unpaired base 
may favour intercalation. Phosphates on the 
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3 ‘-end of helix IV from position 109 upwards into 
helix I are protected from ethylnitrosourea lkyla- 
tion. 
3.5. Loops and tertiary structure 
The majority of single-stranded regions in- 
dicated in the secondary structure shown in fig.4 
are cut by nuclease Sl ; an interesting exception to 
this is the large internal-loop between helices IV 
and V where no single cut is to be found. This loop 
might therefore be expected to have a particularly 
complex or ordered structure. Analysis reveals that 
of the 13 residues involved, 9 are well-stacking 
purines; that such ordered structures are imper- 
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Fig.4. The secondary structure of Equketum arvense 5
S rRNA with collected structural data; (+) CSV 
RNase; (w) Sl nuckase; (w) cytidine accessible to
bisulphite mediated deamination; (-) phospho- 
diester bonds resistant to alkylation under native condi- 
tions. 
vious to nuclease S 1 has been noticed before [ 111. 
Nevertheless, both cytidines are modified, in- 
dicating that their amino groups are open to 
destabilization as a consequence of sulphonation 
at the C6 position. 
The hairpin-loop closed by helix III may also 
have a complex structure. Of five cytidines, only 
two are modified by bisulphite. The results sum- 
marized in fig.4 show that the reactivity of this 
loop is restricted to the end distal to the loop- 
closing helii III. This is particularly interesting in 
comparison with the data on phosphodiester bond 
accessibility taken from the sequencing el in fig.2 
and shown in the structure in fig.4. The 3’-side of 
the upper portion of this loop is resistant o alkyla- 
tion by ethylmtrosourea, implying that the phos- 
phates are involved in tertiary bonding or are 
otherwise shielded from the solvent. Although the 
distribution of resistant phosphates in this eukary- 
otic 5 S rRNA is almost completely different to 
that found for rat 5 S rRNA in [19], the tertiary 
structure which these workers suggested may also 
explain our data. It is suggested that, in the tertiary 
structure of eukaryotic 5 S rRNA, the loop closed 
by helix III is brought in close proximity with the 
internal loop between helices V an IV. Particular- 
ly, the 3 ‘-side of the hairpin-loop would be 
directed away from the solvent and towards other 
residues of the molecule, whilst the area we find to 
be reactive is directed towards the solvent. The 
relative inaccessibility of the internal-loop would 
also be explained by this conformation. The single, 
from alkylation strongly protected site in this loop 
(G76) is identical to that found in the rat 5 S rRNA 
study [19]. Furthermore, the unreactive phos- 
phates of residues 63-67 and 109 to (at least) 114 
are located at the base of the two arms of the 
molecule, a region in which stabilizing non Wat- 
son-crick interactions might be suspected. 
In the context of the tertiary structure discussed 
here for eukaryotic 5 S rRNA, it is of interest to 
point out that we have previously proposed a ter- 
tiary, Watson-Crick-base-paired interaction in 
eubacterial 5 S rRNA involving similar regions of 
the molecule [ 111. Whilst colinearity of helices I 
and IV in the eubacterial molecule leads to a con- 
formation different to the eukaryotic model, in- 
teraction of the large hairpin-loop and the internal- 
loop between helices V and IV may be one charac- 
teristic common to both. 
259 
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